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Abstract 14 
 15 
Microstructural (fabric, forces and composition) changes due to hydrocarbon 16 
contamination in a clay soil were studied using Scanning Electron Microscope (micro-fabric 17 
analysis), Atomic Force Microscope (forces measurement) and sedimentation bench test 18 
(particle size measurements). The non-polluted and polluted glacial till from north-eastern 19 
Poland (area of a fuel terminal) were used for the study. 20 
Electrostatic repelling forces for the polluted sample were much lower than for the 21 
non-polluted sample. In comparison to non-polluted sample, the polluted sample exhibited 22 
lower electric charge, attractive forces on approach and strong adhesion on retrieve. The 23 
results of the sedimentation tests indicate that clay particles form larger aggregates and settle 24 
out of the suspension rapidly in diesel oil. In non-polluted soil, the fabric is strongly 25 
aggregated – densely packed, dominate the face-to-face and edge-to-edge types of contacts, 26 
clay film tightly adheres to the surface of larger grains and interparticle pores are more 27 
common. In polluted soil, the clay matrix is less aggregated – loosely packed, dominate the 28 
edge-to-face types of contacts and inter-micro-aggregate pores are more frequent. Substantial 29 
differences were observed in the morphometric and geometrical parameters of pore space. 30 
The polluted soil micro-fabric proved to be more isotropic and less oriented than in non-31 
polluted soil. The polluted soil, in which electrostatic forces were suppressed by hydrocarbon 32 
interaction, displays more open porosity and larger voids than non-polluted soil, which is 33 
characterized by occurrence of the strong electrostatic interaction between clay particles. 34 
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1. Introduction 39 
Petroleum and its products constitute one of the most prevalent sources of 40 
environmental pollution. Such materials are released in accidental spills during transportation 41 
both on the land and sea from tankers, pipelines; at the sites where the oil is extracted; as 42 
leakages from underground storage tanks and distribution facilities. Petroleum-derived 43 
contaminants also collect in wastewater from urban and industrial areas. In some cases oil 44 
spills might be caused purposely during war conflicts. Majority of petroleum pollution comes 45 
from non-point sources as for example small, usually unreported spills and leakages, often of 46 
unknown localization (Riser-Roberts, 1998; Surygała and Śliwka, 1999; 47 
www.pollutionissues.com/Na-Ph/Petroleum.html). They chronically release small amounts of 48 
the pollutant, which over a long period of time adds up to a large-scale contamination of the 49 
subsurface soil and ground water. Based on the grain size distribution the most sensitive to the 50 
contamination are clay soils. For clay particles a sensitivity index is 0.6-0.9 in a range from 0 51 
to 1 (Fang, 1997). 52 
 53 
Contamination of a soil by petroleum substances, characterized by physicochemical 54 
properties different from water, was found to have a deteriorating effect on its physical, 55 
mechanical and filtration parameters (e. g., Bowders and Daniel, 1987; Fernandez and 56 
Quigley, 1988; Uppot and Stephenson, 1989; Izdebska-Mucha, 2005; Korzeniowska-Rejmer, 57 
Izdebska-Mucha, 2006; Khamehchiyan et al., 2007; Singh et al., 2009).  58 
 59 
The engineering properties of clay soils are strongly dependent on soil microstructure. 60 
The term “microstructure” is often used in many fields of material sciences as well as in soil 61 
engineering. Microstructure is defined as soil fabric and composition, and interparticle forces 62 
between structural elements (Fig. 1). This idea was later described for example by Mitchell 63 
(1976) and Gillott (1987). 64 
 65 
Fig. 1  66 
The term “fabric” refers to the arrangement of particles, particles groups 67 
(microaggregates and aggregates), and pore space in soils. Composition of soils comprises: 68 
type of minerals and their amount, type of adsorbed cations, pore water composition, and 69 
shapes and size distribution of particles. Primary microstructures form on deposition 70 
(sedimentation processes) and change to secondary microstructures as a result of many factors 71 
in geological history of soils. 72 
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The reported results on the fabric of contaminated soils are limited to qualitative 73 
description of samples obtained after filtration tests or suspension studies (e. g., Fernandez 74 
and Quigley, 1985; Berger et al., 2002; Kaya and Fang, 2005). Kaya and Fang (2000, 2005) 75 
investigated physicochemical properties and interparticle force system of clays with different 76 
organic pore fluids. It was analytically computed that both repulsive and attractive forces 77 
decreased as a dielectric constant of the pore fluid decreased. 78 
 79 
This study on microstructural changes in a clay soil due to petroleum pollution 80 
contributes to understanding the mechanisms causing changes in soil microstructure. Thanks 81 
to the use of special software for the micrograph analysis, the quantitative characteristics of 82 
pore space parameters are given along with a qualitative description. The interparticle forces 83 
were directly measured on clay particles separated from natural clean and contaminated clay 84 
soil.  85 
 86 
2. Materials and methods 87 
2.1. Clay soil 88 
The natural clay soil used for this study was a glacial till from north-eastern Poland. 89 
The soil samples were collected from the area of a fuel terminal where accidental spill of 90 
diesel oil occurred from underground fuel tanks. In the area where down-flow and stagnation 91 
of diesel oil took place, petroleum-derived substances migrated upwards in the soil causing 92 
pollution up to the groundwater level. Data on the soil contamination is given in Table 1.  93 
 94 
Table 1 95 
 96 
Soil samples were taken from two pits located in polluted and not affected areas. The 97 
distance between the pits was of about 50 m and the samples were collected for 10 months 98 
after the pollution. The soil samples were named: NP – non-polluted soil and P – polluted 99 
soil. The index characteristics and mineralogical composition of the analysed soil (as defined 100 
for NP soil) are summarised in Table 2. 101 
 102 
Table 2 103 
 104 
 105 
 106 
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2.2. Force measurements 107 
The force measurements were conducted using a Nanoscope III Atomic Force Microscope 108 
(AFM), Digital Instruments, Santa Barbara. Force mode with scan head E rate between 0.3 109 
and 3 μm/s was applied. The measurements were made on 200-μm long - wide V-shaped 110 
Si3N4 colloidal probe cantilevers (Fig. 2). 111 
 112 
Fig. 2 113 
 114 
 The spring constant of cantilever was 0.12 N/m. The force resolution on AFM is about 1 115 
– 0.1 nN with the separation distance resolution of approximately 0.01 nm. The clay coated 116 
flat substrate surface was displaced in a controlled manner towards and away from the clay 117 
topped probe in aqueous solutions. The interacting forces between the probe and the flat 118 
surface can be obtained from the deflection of the cantilever. The deflection of the cantilever 119 
versus the displacement of the flat surface were converted into surface force versus separation 120 
by assuming that the zero point of separation was defined as the compliance region where the 121 
probe and the flat surface are in contact and the zero force is determined at large surface 122 
separations. The force measurements have been performed at a scan rate of 1 Hz over a 123 
scanning distance from 200 to 500 nm. Force measurements were performed in demineralised 124 
water purified by a Milli-Q filtration system and in 0.01 and 0.1M KCl solutions. Salts used 125 
in this work were analytical grade.  126 
A Panalytical X’Pert PRO XRD unit was used with Cu Kα at 40 keV, 40 mA. Sample was 127 
scanned in duration 12 min in the 2θ interval 3-35º, using a post-diffraction monochromator 128 
and a multi-wire detector.  129 
The XRD diffraction patterns of NP clay colloidal sample presented in Fig. 3 shows 130 
mixture of illite, kaolinite and smectite with trace amount of quartz. 131 
 132 
Fig. 3 133 
 134 
2.3. Sedimentation test 135 
The soils for sedimentation test were prepared using a modified methodology given by 136 
Moavenian and Yasrobi (2008). Fine particles passing a 63 m sieve were separated from the 137 
NP clay soil by wet sieving. The material was air-dried and powdered.  Two samples of 15 g 138 
each were placed in 250 ml beakers, covered with 125 ml of deionized water and diesel oil 139 
respectively, and left for 24 h (Fig. 4). After soaking, the samples were dispersed with 140 
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magnetic stirrer for 20 minutes (speed range 200 rpm), transferred into glass sedimentation 141 
cylinders and made up to 1000 ml with deionized water and diesel oil respectively. 142 
Hydrometer measurements of soil–water and soil–diesel oil suspensions were then performed 143 
according to BS1377 and ASTM D422. 144 
 145 
Fig. 4 146 
 147 
2.4. Analysis of fabric 148 
Microscope studies were carried out using a high-resolution Scanning Electron 149 
Microscope (SEM), JEOL model JSM 6380 LA. The undisturbed samples of NP and P till, 150 
approximately 1 cm3 cubes were cut and dried using a low-temperature freeze-drying method 151 
(Tovey and Wong, 1973; Smart and Tovey, 1982). The qualitative description of fabrics was 152 
based on the images magnified between 100x and 6500x. The same images were analysed 153 
quantitatively using image analyser, the Structural Image Analysis (STIMAN) software 154 
package, version 11 Build 345 1993-2005 SEM Lab. The morphometric and geometrical 155 
parameters were calculated according to methodology given by Sergeev et al., 1983; Sokolov 156 
et al., 2002; Trzciński, 2004. The main type of microstructure, the character of contacts 157 
between structural elements and the pore space classification were named after Sergeev et al. 158 
(1978), Sergeev et al. (1980), Grabowska-Olszewska et al. (1984), supplemented by Trzciński 159 
(2008). 160 
 161 
3. Results and discussion 162 
3.1. Force measurements 163 
For force measurements, the dry samples were re-dispersed in water using an ultrasonic 164 
bath. The dispersion of the clay samples was prepared from 0.2 wt% of the dry mass of size 165 
fraction below 1 μm as recommended from previous findings (Żbik & Frost 2010). A micro-166 
drop of suspension was placed on the probe (Fig. 2) and few drops on substrate (silicon 167 
wafer) to produce clay topped surface, followed by drying in a laminar flow cabinet at room 168 
temperature overnight. Both surfaces were heated at a temperature of 80oC to stick firmly the 169 
clay flakes onto sphere and substrate surfaces. 170 
 171 
AFM investigation on the oriented clay layers on top of the silicon wafer was chosen 172 
because it is very hard to locate the individual clay platelets and to position the colloidal 173 
probe directly over the clay platelets. In part this is due to the low refractive index difference 174 
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between different clay crystals and water leading to low optical contrast and visibility of the 175 
platelet under water, and in part it is due to the mechanical arrangement of the AFM.  176 
 177 
The thickness of the clay film was not measured but samples were prepared as thin layer 178 
(on silicon wafer) as specified in method above. In presented force – separation curves a long-179 
range repulsion has been recorded whose range decreases as salt concentration increases. This 180 
is the signature of double-layer repulsion. Its presence indicates that, the clay/water interface 181 
must be negatively charged. 182 
 183 
According to the Poisson and Boltzmann's equations, one of the most characteristic 184 
parameters is what is called the Debye length which represents the thickness of the double 185 
layer. At constant temperature and dielectric permittivity, the thickness of the diffuse double 186 
layer depends only on the ionic strength. 187 
 188 
The results of the test force measurements were performed using spherical bare silica 189 
glass probe against mica surface in water and 0.01 M and 0.1 M KCl solutions. In result of 190 
these measurements a rough comparison can be drown what thickness of the double layer can 191 
be detected as repulsive electrostatic force in solution of certain ionic strength. Test results 192 
were plotted with diagrams shown in Fig. 5, in which the measured force between spherical 193 
probe (Fig. 2) and clay samples colloidal film deposited on the silicon wafer on approach. 194 
Force F (normalised by the spherical probe’s radius of curvature R) is plotted on a logarithmic 195 
scale against the minimum distance D from the sphere’s surface to the flat plate. This is the 196 
standard way to plot surface force measurements, since the quantity F/R should be 197 
independent of the sphere’s radius and so data from different experiments can be compared. 198 
According to the Derjaguin approximation, F/R is 2 times the interaction energy between 199 
two parallel flat plates at the same separation D, and this quantity can easily be compared to 200 
theoretical calculations (Israelachvili, 1991). Positive values of F/R represent repulsion 201 
between the surfaces. 202 
 203 
It is significant that the result of substitution and vacancies in the illite lattice result in net 204 
charge about 1 and smectite about 0.66 – per unit cell and negative electric charge in aqueous 205 
solutions. This unit charge in micas may be similar to illite or larger up to 1.30 to 1.50, than 206 
electrostatic repulsion in case of studied clays may be predicted lower of these measured and 207 
theoretically predicted in micas. However because of the atomically flat surface in mica, it is 208 
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perfect object of the AFM test measurements and suitable for comparison to other complex 209 
substrates.  210 
 211 
Fig. 5  212 
 213 
As the test, forces between bare silica sphere and mica surface was measured and 214 
compared with theoretical data from double layer calculations (Fig. 5). The test data show 215 
(placed as solid lines in the force curves Fig. 5 left column) a long-range electrostatic 216 
repulsion between these two surfaces, the quasi-exponential decay of the force, the decay 217 
length decreases as salt concentration increases and there is no adhesion between these 218 
surfaces. These results are entirely consistent with previous force measurements between 219 
silica and mica (Zbik et al., 2008). The repulsive force is explained by electric double-layer 220 
repulsion between mice and silica probe surfaces which become charged on immersion in 221 
water. This leads to a quasi-exponential force whose range decreases with electrolyte 222 
concentration (Israelachvili, 1991; Carambassis et al., 1998). Theoretically, a van der Waals 223 
attraction is expected at small separations, but this is not usually observed between silica and 224 
mica, probably due to the presence of short-range hydration repulsion (Carambassis et al., 225 
1998). 226 
 227 
In case of studied NP clay sample, deposited on silicon wafer, repulsion force in water of 228 
long range has been recorded when approach (Fig. 5A1) from relatively large distance of 229 
separation ~150 nm. This may be most likely electrostatic interaction effect with addition of 230 
structural steric effect caused by the presence of smectite in this sample and recently 231 
described by Zbik et al. (2008). Forces on the distance of separation ~50 nm increases 232 
exponentially from 0.8 to 0.5 mN/m in water, which show typical pattern of electrostatic 233 
repulsion. Measurement points in water are very closely following mica electrostatic 234 
interactions and probably it is because of high illite content in this sample. Electrolyte 235 
addition influence significant reduction of force over similar distances of separation which is 236 
strong evidence of the electric double layer interaction in this case. In electrolyte 237 
concentration 0.01 M KCl repulsive forces were recorded from ~15 nm distance of the clay 238 
surfaces separation and increases exponentially to value of 0.28 mN/m. Electric charge is here 239 
smaller than in mica interaction. In higher electrolyte concentration 0.1 M KCl surfaces 240 
sensed repulsion from distance of separation ~4 nm and increases exponentially to value of 241 
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0.8 mN/m. Also here the force measurement points are close to solid line represent 242 
electrostatic interaction with mica surface in the same electrolyte strength. 243 
 244 
The curves recorded on surfaces separation on retrieval in the studied clay sample (Fig. 5 245 
B series), only repulsion forces have been recorded and qualitatively it is observed that no 246 
adhesion was observed, i.e. the clay platelets did not attach to each other in water and in 247 
electrolyte of 0.01 and 0.1 M salt concentration. However over many studied curves some 248 
show slight adhesion in 0.1 M electrolyte. On average, force curves on retrieval are similar to 249 
these recorded when colloidal probe approached the clay surface. This is typical picture of 250 
hydrophilic interaction where electrostatic repulsion of electric double layer prevails. 251 
 252 
It is also possible that these long-distance forces observed in water, similar to electrostatic 253 
repulsion, have steric origin and reflect the flexibility of smectite flakes detected in XRD 254 
patterns (Fig. 3) in gel layer which may forms as the outermost layer on top of clay film on 255 
substrate submerged in water. In effect, hindrance of other platelets against the interaction 256 
between two concerned platelets would be unavoidable.  257 
 258 
Fig. 6  259 
 260 
In case of the P clay sample, deposited on silicon wafer, repulsion force in water is also 261 
recorded as the long-distance approach (Fig. 6) from relatively large distance of separation 262 
~150 nm which is similar to recorded in NP clay sample. However the force increase is not 263 
exponential and measure points lay below line which represents forces measured between 264 
silica probe and bare mica surface in water. Also force rises only to the limited value of 0.4 265 
mN/m. This may suggest lesser electric charge in comparison with NP clay sample. 266 
Electrolyte addition again influences significant reduction of force over distance of separation 267 
which is further evidence of the electric double layer interaction. In electrolyte concentration 268 
0.01 M KCl attractive forces were recorded from distances ~35 nm. These attractive force 269 
brought surfaces to distance around 8 nm. Then repulsive forces were recorded from 8 nm 270 
distance of the clay surface separation and forces increase to value of 0.38 mN/m. Similarly to 271 
measurements in water, possible hydrophobic interaction refining the force curves in 272 
comparison with similar recorded for NP clay sample. In higher electrolyte concentration 0.1 273 
M KCl surfaces recorded attractive force from distance around 25 nm and repulsive force 274 
from distance 5 nm. This repulsive force increases to lower value of 0.28 mN/m. Strong 275 
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suppression of negative charge is easily observed when comparing this curve with this 276 
obtained from pure mica interaction as well as this from the NP clay sample. Distance of 277 
separation ~5-8 nm is characteristic in this experiment to the hydrocarbons chains attached to 278 
clay particle surfaces. 279 
 280 
The curves recorded on separation in P clay sample (Fig. 6), shows very strong adhesion 281 
which correlates poorly to the electrolyte strengths. It shows that adhesion increases with 282 
decreasing of the ionic strength of electrolyte. This is a feature that has previously been 283 
observed between hydrophobic surfaces, and attributed to the presence of tiny air micro-284 
bubbles or hydrocarbon chains attached to the hydrophobic (and probably slightly rough) 285 
surfaces (Carambassis et al., 1998; Considine, 1999). Surfaces showing such feature the 286 
hydrophobic action of hydrocarbons blankets can be the cause, but as soon as this blanket is 287 
contacted, a bridge forms between the surfaces and pulls surfaces rapidly together. In the 288 
present system, it is not clear whether the surfaces are bridged by air, micro-bubbles, 289 
hydrocarbons, or by complex clay film, or mixture of listed above. What is clear is that once it 290 
is brought to within a few nanometers apart, the clay-coated sphere becomes attached to the 291 
clay coated substrate. It is clear that observed jump to a contact can be described as the 292 
hydrophobic behavior and was also observed in electrolytes in P clay sample when colloidal 293 
probe approached the surface.  294 
 295 
This infers that micro-bubbles were only partly removed from the clay particle surfaces, 296 
by the ultrasonic action during sample redispersion in water. It is possible that observed 297 
adhesion may be results of hydrocarbon chains presence on the clay surfaces and in solution 298 
rather than micro-bubbles interaction. Force curves recorded on retrieval (Fig. 6) in every case 299 
shows adhesion on separation, that is, the clay film when the surfaces were close enough, 300 
forming the clay-hydrocarbon bridges which must be ruptured by relatively strong forces in 301 
magnitude of 0.6-0.8 mN/m before the surfaces can be violently separated and jumped of to 302 
rather large distances of ~100-200 nm in separation. 303 
 304 
3.2. Sedimentation test 305 
The results of the sedimentation test are presented in Figs. 7 and 8.  The soil particles 306 
in the suspension of diesel oil settled out much faster than in water. When preparing the 307 
suspensions in sedimentation cylinders, it was macroscopically observed that in diesel oil the 308 
soil particles were coarser than in water, even though initially sampled from the same soil 309 
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material. The test lasted 6 days and the suspensions presented different sedimentation 310 
patterns. During all the experiment the water suspension stayed dense and non-transparent, 311 
while in diesel oil sedimentation started more rapidly (compare graphs in Fig. 8) and the 312 
suspension became relatively clear already after a few hours (see Fig. 7C). At the end of the 313 
test, 100% of soil particles settled out of diesel oil, while in water the sedimentation was of 314 
75%. These findings are in agreement with Moavenian’s and Yasrobi’s (2008) study, which 315 
showed that the percentage sedimentation of a clay decreased in organic liquids of low 316 
dielectric constant. 317 
 318 
Fig. 7 319 
Fig. 8 320 
 321 
Diesel oil is a fluid  of a low dielectric constant (As it was revealed in former 322 
papers (Kaya and Fang 2000, 2005) and directly measured  in AFM experiment presented in 323 
this study, organic liquids of a lower dielectric constant than for water, significantly change 324 
surface properties of clay particles. This in turn influences processes of particle aggregation. 325 
Due to suppression of electrostatic repulsive forces and presence of strong adhesion between 326 
clay particles they tend to flocculate, which was observed in sedimentation test. When 327 
exposed to the pure diesel oil, clay particles form bigger aggregates which act like silt/sand 328 
grains and settle out of the suspension rapidly. The results of the sedimentation test indicate 329 
that diesel oil pollution in clay soil will alter its aggregation, pore space and microstructure. 330 
 331 
3.3. Characteristic of  micro-fabric 332 
3.3.1. The qualitative description 333 
Detailed characterisation of NP and P clay soils micro-fabric was carried out by 334 
Izdebska-Mucha and Trzciński (2008). Taking into account the relative packing of structural 335 
elements, the NP soil is characterized, in general, by a comparatively medium packed matrix 336 
microstructure (Trzcinski 2008) as illustrated in Figs. 9A1, 9B1, 9C1). Clayey mass – matrix 337 
(thin arrow in Fig. 9A1) surrounds individual sandy and silty grains (bold lower arrow in Fig. 338 
9A1). The clayey matrix is aggregated and it is composed of microaggregates (surrounded by 339 
dashed line in Fig. 9B1) which together with grains form clayey-silty and clayey-sandy 340 
aggregates. The grain surface is covered with clay film (thin upper arrow in Fig. 9C1). The 341 
contacts between the microaggregates are of the face-to-face FF (bold lower arrow in Fig. 342 
9C1), edge-to-face EF (bold upper arrow in Fig. 9C1) or edge-to-edge EE (thin lower arrow 343 
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in Fig. 9C1). The strong orientation of structural elements is not observed (Fig. 9A1 and Fig. 344 
10A). The pore space is composed mainly of intermicroaggregate pores (bold arrows in Fig. 345 
9B1), interparticle pores (thin right arrow in Fig. 9C1) and subordinate inter-aggregate pores 346 
(bold upper arrows in Fig. 9A1) 347 
 348 
Fig. 9 349 
 350 
Significant micro-fabric differences have been noted between P and NP clay soils, the 351 
comparison of their features being given in Figs. 9A2, 9B2, 9C2. The clayey matrix is 352 
relatively strongly aggregated – clay particles forming aggregates and microaggregates are 353 
densely packed in NP soil (compare Figs. 9B1 and 9B2). Between microaggregates 354 
predominant contacts are of the FF and EF type and clayey film tightly adheres to the surface 355 
of sandy and silty grains. In comparison to NP soil, the clayey matrix is less aggregated and 356 
structural elements are more loosely packed in P soil (Fig. 9B2). Predominant contacts 357 
between clayey microaggregates are of the EF type (bold arrows in Fig. 9C2). Interparticle 358 
pores are more common in NP soil, while for P soil intermicroaggregate pores are more 359 
frequent (thin arrows in Fig. 9B2). Surface of NP sample is more smooth then of P sample, in 360 
which it is rough (compare Figs 9A1 and 9A2). 361 
 362 
3.3.2. The quantitative image analysis.  363 
The results of pore space characteristic of NP and P clay soil are presented in Tab. 3 364 
and Fig. 10. Substantial differences have been observed in the morphometric (area, perimeter, 365 
diameter) and geometrical (shape, anisotropy, degree of orientation) parameters between the 366 
NP and P soils (Tab. 3). The porosity value remains unchanged but the minimum value is 367 
higher for P soil. The amount of pores is smaller in P and the maximum value is much higher 368 
in NP soil. 369 
 370 
Table 3 371 
 372 
An analysis of morphometric parameters has provided the following information. 373 
There is no significant change of the total pore area in P soil whereas the maximum and 374 
average pore area parameters clearly shift towards the higher values. The total pore perimeter 375 
is lower but the maximum, minimum and average values of this parameter are higher for P 376 
soil. Elevated maximum and average pore diameter parameters have been found for P soil. 377 
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The distribution of pore size has substantially changed. The amount of micropores has 378 
decreased while mesopores proved more abundant in P soil. 379 
 380 
In addition, geometrical parameters have also changed. The average form index  value 381 
grew in till P. Observations of the pore shape revealed a smaller amount of fissure pores and 382 
an elevated share of anisometric and isometric pores. The anisotropy index value decreased 383 
markedly for P soil (Fig. 10).   384 
 385 
Fig. 10 386 
 387 
A noticeable drop of the pore amount in P soil coupled with much lower maximum 388 
value of this parameter and no changes of the porosity could suggest significant qualitative 389 
and quantitative changes in the pore space of the polluted soil. These changes have found 390 
confirmation in the distribution of morphometric parameters. The amount of micropores 391 
decreased with the growth of the number of mesopores in P soil. The redistribution of pore 392 
space in favour of larger pores resulted in the increase of maximum and average pore area, 393 
maximum, minimum and average pore perimeter, maximum and average pore diameter and in 394 
a considerable drop of the total pore perimeter value in P soil.  395 
 396 
Changes in shape and orientation of pores are reflected in geometrical parameters 397 
values. The increase of form index in P soil results from the growing amount of pores more 398 
isometric in shape, which is confirmed by the decrease in amount of fissure pores and more 399 
abundant isometric and isometric pores. The change of shape into more isometric is 400 
responsible for a significant drop of the anisotropy index in P soil. Due to the subsequent 401 
reorientation of particles and microaggregates the contaminated soil becomes more isotropic. 402 
 403 
Fig. 11 404 
 405 
4. Conclusions 406 
In this paper the effect of hydrocarbon pollution on a clay soil microstructure was 407 
studied. All three components of the microstructure were taken under investigation: forces, 408 
composition and fabric. Composition however was limited to mineralogical and particle size 409 
characteristic. Comparison of morphological changes observed in samples microstructure was 410 
summarized in Fig. 11.   411 
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The AFM force measurement experiments described here have produced clear qualitative 412 
information about the interaction between not contaminated clay sample No:1 in water and 413 
KCl salt solutions of 0.01M and 0.1M ionic strength. Repulsive double-layer forces were 414 
measured between all surfaces studied, which, demonstrates that the not contaminated clay 415 
sample No:1 are also negatively charged in water. The repulsive force is strong enough to 416 
prevent attachment of clays to each other in all studied electrolyte concentrations. Exponential 417 
nature of force increase in function of distances in clay sample shows typical electrostatic 418 
repulsion of electric double layers on hydrophilic interfaces where curves on approach are 419 
similar to these recorded during colloidal probe retrieval. 420 
 421 
Presence of strong adhesion on approach and retrieval in hydrocarbon contaminated 422 
Sample 2 may suggests that micro-bubbles were probably removed from the clay particle 423 
interface, by the ultrasonic action during sample was dispersed in water. Observed 424 
hydrophobic adhesion may be results of hydrocarbon chains presence on the clay surfaces and 425 
in the solution rather than micro-bubbles interaction. 426 
 427 
Electrostatic interaction forces in oil contaminated sample were much smaller than 428 
measured in case of clean sample which lower repulsive forces on approach and generate 429 
strong adhesion on retrieve in comparison to not contaminated sample. In consequence, oil 430 
contaminated clays displays more open porosity and larger voids diameter than not 431 
contaminated sample which are characterized by occurrence of the strong electrostatic 432 
interaction between particles. 433 
 434 
Force action resulted micro-structure shows strong particle interaction and smaller voids 435 
when strong electrostatic forces bonding in not polluted sample and larger voids in polluted 436 
sample where electrostatic interaction was suppressed by long acting hydrophobic interaction 437 
as it is sumarised in Fig. 11. 438 
 439 
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 537 
Figure captions: 538 
Fig. 1 Definition of  the term “microstructure”. 539 
Fig. 2 SEM micrograph with colloidal probe 2.5 μm in diameter at the tip of AFM silicon 540 
nitride cantilever. 541 
Fig. 3 XRD pattern of clay colloidal NP clay sample. 542 
Fig. 4 Preparation of soil for sedimentation test – soil samples soaking for 20 h in deionized 543 
water (A) and diesel oil (B). Fig. 5 Force – separation curves on approach (A series) and 544 
retrieval (B series), for the interaction between platelets in NP clay sample in water (A1, B1), 545 
in 0.01 M KCl (A2, B2), in 0.1 M KCl (A3, B3). The solid lines in the force measurement on 546 
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approach represent forces measured between silica probe and bare mica surface in relevant 547 
KCl electrolyte concentration. 548 
Fig. 6 Force – separation curves on approach (A series) and retrieval (B series), for the 549 
interaction between platelets in P clay sample in water (A1, B1), in 0.01 M KCl (A2, B2), in 550 
0.1 M KCl (A3, B3). The solid lines in the force measurement on approach represent forces 551 
measured between silica probe and bare mica surface in relevant KCl electrolyte 552 
concentration. 553 
Fig. 7 Settlement of the soil particles in deionized water (left cylinder) and diesel oil (right 554 
cylinder) at the beginning of the experiment (A) and after: 4 h (B), 8 h (C), 24 h (D), 6 days 555 
(E). 556 
Fig. 8 Sedimentation pattern for the soil in deionized water and diesel oil. 557 
Fig. 9 Fabric changes in NP – non-polluted (SEM micrographs A1, B1, C1)  and P – polluted 558 
(SEM micrographs A2, B2, C2) clay soil. Magnification: A – 200x, B – 1600x, C – 6500x. 559 
Detailed description in subsection 3.3. 560 
Fig. 10 Examples of rose orientation diagrams and average values of anisotropy coefficient 561 
(Kaav) for NP soil (A) and P soil (B);  – angle of structural elements orientation. 562 
Fig. 11 Microstructure comparison of clean and hydrocarbon polluted clay soil. 563 
 564 
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 567 
 568 
 569 
 570 
 571 
Table 1 Hydrocarbon content in polluted soil. 572 
Sampling 
depth 
[m] 
Soil type 
Hydrocarbon 
C6 – C12 content 
[mg/kg of dry 
weight] 
Hydrocarbon 
>C12 content 
[mg/kg of dry 
weight] 
Total 
[mg/kg of dry 
weight] 
2.0 
sandy clay with 
silt 
1 457 3 938 5 395 
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 573 
Table 2 Physical properties of NP soil. 574 
Properties Methods 
Mineral composition Illite XRD diffraction 
Kaolinite 
Smectite 
Quartz 
Grain size distribution (%) Sand 54 BS1377 
Silt 25 
Clay 21 
Plastic limit (%) 15 
Liquid limit (%) 30 
Soil classification Sandy clay with silt 
CL Unified Soil Classification 
System; ASTM D 2487 
Specific density (g/cm3) 2.69 Gas pycnometry 
Specific surface area (m2/g) 24 Methylene blue adsorption 
PN-88/B-04481; 
Piaskowski (1984) 
Cation exchange capacity 
(meq/100g) 
3.09 
 575 
 576 
 577 
 578 
 579 
 580 
 581 
Table 3 Quantitative pore space parameters of NP – non-polluted soil and P – soil polluted by 582 
diesel oil. 583 
 non-polluted clay soil NP1 polluted clay soil P2 
 min. max. average 
value 
standard 
deviation
min. max. average 
value 
standard 
deviation 
Porosity n (%) 19.2 30.8 24.9 4.64 21.5 26.8 24.4 2.12 
Number of pores N x 103 178 1 503 730 456 265 752 420 195 
Total pore area St x 103 (m2) 446 2 866 2 102 882 1 979 2 530 2 276 210 
20 
 
Maximum pore area Smax (m2) 9 356 130 565 92 301 48 697 43 782 375 622 140 862 135 013 
Average pore area Sav (m2) 1.91 4.65 3.15 0.96 3.36 8.99 6.09 2.04 
Total pore perimeter Pt x103 (m) 1 105 7 932 4 027 2 298 2 240 4 267 2 689 884 
Maximum pore perimeter Pmax (m) 2 320 15 131 9 900 4 554 8 089 27 827 15 032 7 920 
Minimum pore perimeter Pmin (m) 1.23 1.41 1.37 0.08 1.32 1.58 1.41 0.12 
Average pore perimeter Pav (m) 5.28 6.53 5.73 0.53 5.68 8.52 6.74 1.28 
Maximum pore diameter Dmax (m) 109 408 326 118 236 692 392 179 
Average pore diameter Dav (m) 0.70 0.92 0.80 0.08 0.8 1.13 0.93 0.15 
Mikropores 0.1<<10 m (%) 24.6 46.9 31.6 9.2 17.3 30.8 21.4 5.5 
Mesopores 10<<1000 m (%) 53.1 75.4 68.5 9.2 69.2 82.7 78.6 5.5 
Average form index Kfav (-)3 0.34 0.429 0.398 0.032 0.399 0.458 0.421 0.028 
Isometric pores a/b<1.5 (%) 10.8 13.2 12.2 1.0 9.5 17.4 12.4 3.1 
Anisometric pores 1.5<a/b<10 (%) 84.8 88.3 85.9 1.3 80.8 88.9 86.4 3.2 
Fissure-like pores a/b>10 (%) 0.6 3.0 2.0 1.0 0.2 2.7 1.3 1.0 
1 number of tests 6 584 
2 number of tests 5 585 
3 fissure-like pores: 0<Kf<0.15; anisometric pores: 0.15<Kf<0.65; isometric pores: 0.65<Kf<1 586 
 the equivalent diameter of pore 587 
a/b the ratio between the two most different dimensions of pore 588 
 589 
 590 
 591 
MICROSTRUCTURE    =    FABRIC + COMPOSITION + FORCES 592 
Fig. 1  593 
 594 
 595 
Fig. 2 596 
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Fig. 10  635 
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 = 112  = 151 
A B
Kaav=6% Kaav=11.2% 
non-polluted soil soil polluted with hydrocarbons 
 hydrophilic interaction 
 electrostatic repulsive forces of 
long range between electric 
double layers of clay particles 
 no adhesion observed 
 hydrophobic interaction 
 lower electric charge 
 attractive forces up to the 
separation distance of 5-8 nm – 
characteristic for hydrocarbon 
coating thickness 
 on the separation distance 
below 5-8 nm electrostatic 
repulsive forces of values lower 
that in the clean soil 
 strong adhesion observed 
hydrocarbon coating 
on clay particle surface 
dispersion of 
clay particles 
 flocculation of 
clay particles 
 fast settlement of 
big aggregates 
 FF; EE contacts 
 smaller pores 
 elongated pores 
 oriented fabric 
 disintegration of 
aggregates 
 more EF contacts 
 larger pores opened 
 more isometric pores shape 
 less oriented fabric 
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force system 
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Comparison of microstructures 
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Fig. 11  639 
